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RTCC REQUIREMENTS FOR MISSION G:

NONFREE-RETURN MODES OF THE

e

TRANSLUNAR MIDCOURSE CbRRECTION PROCESSOR

By Quentin A. Holmes
SUMMARY AND INTRODUCTION

There are two situations in which it is desirable to relax the
free-return constraint on translunar trajectories. The first situation
occurs when translunar injection is so far from nominal that a lunar
orbital mission which uses free-return trajectories is impossible. For
some of these cases, it is possible to salvage a lunar orbital mission
by the use of a nonfree-return trajectory. The second, and more inter-
esting, situation occurs in the hybrid mission profile (ref. 1). In
this profile, the TLI maneuver is made to place the spacecraft on a free-
return trajectory with a high pericynthion altitude; after transposition
and docking is completed, a planned midcourse maneuver is made which
transfers the spacecraft to a nonfree-return trajectory with a pericyn-
thion altitude of approximately 60 n. mi. Compared to free-return mis-
sions, the hybrid profile affords substantial performance gains because

the spacecraft travels slower at the start of LOI and because ¢ o is less
constrained. P

The nonfree BAP options of the real-time midcourse processor are
designed to meet these needs. Two distinct options are available:
option 4, a fixed orbit nonfree-return BAP; and option 5, a free orbit
nonfree-return BAP. Revisions of the formulation' presented in refer--
ence 2 for options L4 and 5 are presented in the flow diagrams. The new
formulation is based on the vector offset method for simulation of inte-
grated trajJectories with a conic trajectory computer. This technique
makes it possible to reoptimize rapidly and accurately a lunar mission
during a translunar coast.
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SYMBOLS
r »  réddius
§' auxiliary state

X, Y, 2 Cartesian components of position vector

X, ¥, Z Cartesian components of velocity vector

v o velocity

¥ £1ight-path angle
(U] azimuth

A : changé |

T time
Subscripts:

pC ‘ “pefiCyﬁfhion

nd . node

I «1integrat¢d~

TRANSLUNAR FLIGHT TIME

Specification of pericynthion latitude and altitude does not determine
translunar flight time on a nonfree-return trajectory. Lack of need for
these specifications plays a key role in the performance gains afforded by
nonfree-return trajectories. The range of acceptable flight times is de-
termined by two considerations. The first consideration is crew safety,
and the second consideration is proper lighting at the time of lunar
landing. Translunar flight time is closely associated with pericynthion
position and velocity. For a given inclination at pericynthion, time to
the node can be bounded (min ATDPS’ max ATDPS) to enforce the DPS abort

constraint. If the range is not violated, then the IM DPS has the ability
to transfer the spacecraft to a free-return trajectory shortly after peri-
cynthion is passed. Sun elevation at lunar landing is determined by the



G.m.t. of IM touchdown. The acceptable range of SEA at lunar landings
is entered as a range in G.m.t. The corresponding limits (min ATSEA’

max AT ) for time to the node are obtained by use of the nominal delta

SEA
time in LPO to first pass. The range used by the program insures that
both the DPS and the lighting constraints are satisfied. The upper and
lower limits on translunar flight time can be overridden by a MED.

A polynomial & (AT) is used to predict the optimum time to the
node. This polynomial (ref. 3) was constructed for use with midcourse
corrections that occur within 20 hours of TLI; it is used in the first
guess logic whenever the value that it predicts falls within the range
of acceptable values. The difference between nominal time of the node
and expected time of the node 6T 1is used to estimate pericynthion
velocity and longitude to start the first guess logic.

METHOD

The underlying assumption of the vector offset method is that the
difference between two conic trajectories is a close approximation of

the difference between the corresponding pair of integrated trajectories.

For full mission optimization, a velocity offset is applied
at each end of the translunar trajectory. This permits the MCC, LOI,
PC, and TET maneuvers to be optimized as a set by the use of conic tra-

Jectories. Moreover, the resultant nodal conditions (Hnd’ ¢nd"lnd’

Tnd) are optimum for integrated trajectories.

Based on a state vector in translunar coast, a midcourse maneuver
is computed to transfer the spacecraft to a conic trajectory which

satisfies all mission constraints (full mission select). Next, an inte-

grated midcourse maneuver is targeted to the conic node.

As far as the midcourse maneuver is concerned, the discrepancy

between conic and integrated trajectories is reflected in the difference

in their respective midcourse maneuvers (Ai, Af, Ai). An auxiliary
state S' is built according to

' v e s 1
S 82C - AXp - AT, - AZ (1)

where BS52C is the state vector that results after the conic midcourse
and where AXI, AY

T AZI are integrated values. Prior to optimization

...........




8' is substituted for the premidcourse state; the AV, Ay, and Ay
required to regain 8S2C are computed and are used as first guesses
for the midcourse maneuver,

At LOIV'the disérepancy between conic and integrated trajectories
is only in the magnltude and direction of their respective velocity
vectors at the common node. .

A velocity offset (AX", Ai", AZ") st LOI is computed according to

oM

Ax" = (831 - S3C)x component (2)
va LI

aY" = (831 - SBC)y component (3)
." - -

Az = (831 S3C)z component (L)

During optimization, the offset is made available to the trajectory
computer. After conic propagation to the node, the offset is applied
before the LOI maneuver is computed. This offset permits a coupled
full-mission optimization of the midcourse correction, the LOI maneuver,
lunar orbit plane change, and transearth injection to be performed using
conic trajectories.

Because the translunar flight time changes due to optimization,

the original offsets may be slightly in error. This error is manifested

as a difference between the predicted and the actual characteristic
velocities of the MCC and LOI maneuvers. When appropriate, revised
offsets are built with the new end conditions, and the optimization is
repeated.

OPTION 4 - FIXED ORBIT NONFREE-RETURN BAP

The steps involved in computation of a nonfree-return BAP with a
fixed lunar orbit are shown in flow chart 1. The principal changes
from the flow chart given in reference 2 are the use of offset vectors
during the conic optimization and the introduction of an integrated XYZ
and t step (needed to build the offsets) immediately after conic full
mission select. In addition, flight-path angle at the start of LOI was
deleted from the independent variable array. The program exits if the
characteristic velocities predicted for the MCC and LOI are within 1 fps
of the integrated MCC and LOI maneuvers. Otherwise, new offsets are
computed and optimization is repeated. Only one such recycle is permitted.



OPTION 5 - FREE ORBIT NONFREE-RETURN BAP

Analogous changes were made to the free orbit nonfree-return BAP.
In addition, flight-path angle at the start of LOI was deleted from the
independent variable array during optimizaetion. The steps involved in
the computation of a nonfree-return BAP with a free lunar parking orbit
are given in flow chart 2.

3



Option 4: Fixed orbit nonfree-return BAP

Enter with state vector
and delay time'to MCC

Step 1 .

. RS . ]

;Converge c§nic TLMC by$u$é ¢f nominal pe;icynthion state

Independent vafiablés iValué Step size Weight
Scalar velocity at pericynthion ¥ ¢ 1564 512
Azimuth at pericynthion - 270° ¢ 1564 512
Longitude at pericynthion * %% ¢ 1564 512

Time of pericynthion min[max DPS time, MAX SEA time, S(AT)] Not triggered

!

Minimum Maximum

; <

Dependent variableé Clasé designator
X | Premidcourse  £0.0657 n. mi. 1
Y Premidcourse +0.0657 n. mi. 1
7 Premidcourse *0.065T7 n. mi. 1
. computed as v = V.18L406305 + .553082h/rpc _ .0022(5T)
X ‘¥%% computed as A= 3.1 - O.éS(GT)

Flow chart 1.~ Fixed orbit nonfree-return BAP



Step 2

Coverge a conic full mission (select mode only)

Independent variables

Delta azimuth TEI

Delta velocity TEI

Time in lunar orbit
Delta time to 1st pass

Delta azimuth LOI
Delta azimuth MCC
Delta gamma MCC

Delta wvelocity MCC

Dependent variables

HT of pericynthion

INCL of pericynthion

HT of lunar obrit

LAT of lunar landing
site

LONG of lunar landing
site

AZM over lunar land-
ing site '

Delta time to node

Transearth flight
time

INCL of powered
return

Delta long of
earth landing

HT of entry

Value Step size
Nominal ¢ 15LhL
Nominal ¢ 15kl
Nominal ¢ 154k
Nominal ¢ 1574
Nominal ¢ 1564
Step 1 ¢ 1564
Step 1 ¢ 154k
Step 1 ¢ 15LL

Minimum ~ Maximum Weight

40 n, mi. 100 n. mi. 1
90° 182° n
Nominal +.5° n. mi. -
Nominal +.,01° -
Nominal +,01° -
Nominal +,01° —
Lower limit: o
max(mln ATDPS’ Min ATsea) -2 hr
0.125
Upper limit:
min(max AT Lg» Max ATsea) +2 hr
(Nominal +8 hr 0.125
-8T)
0° Lo° 0.125
=0.2° +0.2° —
Nominal +1.735 n. mi. —

Class
designator

== OO

‘—-I

'Flow Chart 1l.- Continued.
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Store conic postmidcourse state
~(82C) and conic state at start
of LOI (83C)

- Step 3

. . RIS P [T e y

- Con&erge integrated TIMC by use of nodal state from step 2

Independent variables Value . Step size Weight

Scalar velocity at the node Step 2 ¢ 156k 512

Azimuth at the node Step 2 ¢ 1564 512

Longitude of the node Step 2° ¢ 1564 512

Time of the node- . : Step 2 Not triggered
Dependent variables Minimum  Maximum glass
‘ designator

3 X o  Premidcourse position  *0.657 n, mi. 1
. Yy - ’ Premidcourse position  #0.65T7 n. mi, o1
7 Premidcourse position  +0.657 n, mi. 1

Step k4
' ) A
Converge a precision trajectory to the node obtained in step 2
Independent variables Value - Step size Weight
Delta azimuth MCC Step 3 ¢ 154k 512
Delta gamms MCC Step 3 ¢ 154h 512
} Delta velocity MCC Step 3 ¢ 1524 512
Time of the neode . ... Step - : Not triggered.
- Dependent variables |
HT of node Step 2 +0.5 n, mi. — 1
LAT of node . Step 2 +0.01° - 1
LONG of node Step 2 +0,01° -~ 1
INCL of pericynthion 90° 182° 64 0

©

ey Flow chart 1.- Continued.
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Store INT midcourse maneuver AXI, AiI, AQI
Store INT state at start of LOI (S3I)

Compute velocity offsets and first guesses

Program needs: ’ B

For MCC offset;

81 - premidcourse state
S2C - conic postmidcourse state

AkI’ AiI, AZ. - integrated midcourse correction

I

' = _ i - L] - .
(a) S s2¢ AXI AYI AZI

(b) new first guesses AV', Ay', AY' for the MCC variables .
according to S2C = §' (polar form) + AV' + Ay' + Ay j

For LOI offset;
S3C -~ conic state at the start of LOI

831 - INT state at the start of LOI

o .
(c) A% = (831 - S3C)x component
. - .
A? = (831 S3C>y component ’
AZ" = (83I - 83C)- .

z component

Flow chart 1.~ Continued.

ED E ':.31
i;



11

With conic trajectories, optimize mass after TEI by use of S' as the state
vector and by offset of the state at start of LOI prior to computation
of LOI maneuver. ‘ '
Independent vafiables Value Stép size Weight
- Delta azimuth TEI Step 2 ¢ 15hh 8
+ Delta velocity TEI =~ Step 2 ¢ 154h 1
Time in lunar orbit Step 2 ¢ 15kk 1078
Delta time to 1lst pass Step 2 ¢ 15Tk 1073
Delta azimuth LOT Step k4 ¢ 1564 1
Delta azimuth MCC Ayt ¢ 156k 512
Delta gamma MCC Ay! ¢ 15kk , 512
Delta velocity MCC AV ¢ 154k k 512
; . . . s . . o Class
. Dependent variables Minimum Maximum Weight .
. designator
‘“} HT of pericynthion 40 n. mi. 100 n. mi. 1 0
F INCL of pericynthion 90° 182° 6L 0
HT of lunar orbit . - Step 2 0.5 n. mi, - — 1
LAT of lunar landing - Nominal +0.01° - A
. site
LONG of lunar landing . Nominal +0.01°. - 1
site .
A7M over lunar landing Nominal +0,01° - 1
Lower limit:
max (min 4?DPS’ Min ATsea)
) Delta time to node 0.125 0
Upper limit:
~ ) | ‘min (max ATDPS’ max ATsea),
INCL of powered return 0° - Lo° 0.125 0
Delta LONG of earth -0.2° +0.02° - 1
landing
HT of entry - Nominal £1.735 n. mi. - 1
Mass after TEL min = step 2 + 3000 1b = max - -1

0

;@ Flow chart 1.~ Continued.
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Did mass after TEI increase by more
during optimization?

than 2600 1b _______( :>
YES

'NO

Store conic postmidcourse st

of LOI (83C)

(s2C) and conic state at start

ate

Step 6

Converge integrated TLMC by use of the nodal state from step 5

Independent variables Value Step size Weight
Scalar velocity at the node Step 5 ¢ 156k 512
Azimuth at the node Step 5 ¢ 1564 512
Longitude of the node Step 5 ¢ 1564 512
Time of the node Step 5 Not triggered
Dependent variables Minimum Maximum ?lass
designator
X Premidcourse position  *0,657 n. mi. 1
Y Premidcourse position  +0.657 n. mi. 1
7 Premidcourse position  +0.657 n. mi. 1
Step T '
Converge a precision trajectory to the node obtained in step 5
Independent wvariables Value Step size Wéight
Delta azimuth MCC Step 6 ¢ 154k 512
Delta gamma MCC Step 6 ¢ 154k 512
Delta velocity MCC Step 6 ¢ 1524 512
Time of the node Step 5 Not triggered
Dependent variables
HT of node Step 5 0.5 n. mi, —_ 1
LAT of node : Step 5 +0,01° - 1
LONG of node Step 5 +0,01° - 1
INCL of pericynthion 90° 182° 64 0

Flow chart 1.~ Confinued.
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Has a recycle already Yes
occurred? - — Exit
. NO
(et d 5 Tav_ (step 5) - 47, (step 1)| <19
) : . L ormee B o mee A P :
YES
. : i : ‘ v ,
. : o
) -t - ?
.) gzz) Lt VisflAvLOI SSFeP'S) AV o1 (step;7)[ <17
YES
)
EXIT

Flow chart 1.- Conclﬁded.



Option 5:

Step 1

1k

Free orbit nonfree-return BAP

Enter with state vector
and delay time to MCC

i

Converge conic TIMC by use of nominsal pericynthion state

Independent variables Value Step size Weight
Scalar velocity at pericynthion. k% ) 156h 512
Azimuth at pericynthion 270° ¢ 1564 512
Longitude at pericynthion *¥% ¢ 1564 512

Time of pericynthion min[max DPS time, MAX SEA time, §(AT)] Not triggered

Class designator

Dependent variables Minimum Maximum

X Premidcourse  *0.0657 n. mi. 1
Y Premidcourse +0.0657 n. mi. 1
Z Premidcourse  #*0.0657 n. mi. 1
#¥% computed as v = .18L06305 + ;553082h/rpc _ .0022(4T)
¥¥%¥ computed as A= 3.1 - 0.25(8T)

Flow chart 2.- Free orbit nonfree return BAP




Step 2
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Coverge a conic full mission (select mode only)

Independent variables

Delta azimuth TEI

Delta velocity TEI
Time in lunar orbit . .
Delta time to 1st pass

Delta azimuth LOT
¢ Delta azimuth MCC
i Delta gamma MCC

Delta velocity MCC

‘Dependent variables

HT- of pericynthion
INCL of pericynthion
HT of lunar obrit
LAT of lunar landing
- site

EONG of lunar landing -

site
AZM over lunar land-
ing site

‘Delta time to node

Transearth flight
time

. INCL of powered
return
Delta long of
.. ..earth.landing
HT of entry

Valué Step si

Lower limit:

max(min AT

- “Upper limit:

Nominal

ppg> Min AT )

min (max ATpne s Max ATsea) +
(Nominal +8 hr
-8T)
Q© 40°
-0.2° +0,2°
£1.735 n. mi.

ze

Weight

1
6L

0’ ¢ 15kh
Nominal ¢ 154k
Nominal ¢. 154k
Nominal - - - ¢.15Th
0 ¢ 1564
Step 1 ¢ 156l
Step 1 ¢ 15ky
Step 1 ¢ 1544
Minimum - Maximum
40 n. mi. 100 n. mi.
90° 182°
'Nominal £.5° n, mi.
Nominal +,01°
Nominal +,01°
Nominal +,01°
(MED)

-2 hr

0.125 -~

2 hr

0.125

0,125

Weight
8
1
10-6
1073
1
8
8
8
Class
designator

"0

0

1

1

1

1

0

0

o

-1

1

. Flow chart 2.- Continued.
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Store conic postmidcourse state
(s2C) and conic state at start
of 10T (83C)

Step 3

1

Converge integrated TLMC by use of nodal state from step 2

Independent variables Value Step size Weight

Scalar velocity at the node Step 2 ¢ 1564 512

Azimuth at the node Step 2 ¢ 1564 512

Longitude of the node Step 2 ¢ 1564 512

Time of the node Step 2 Not triggered
Dependent variables Minimum Maximum ?lass

designator

X Premidcourse position  +0.65T7 n. mi. -1
Y Premidcourse position #0.65T7 n. mi. -1 ™y
yA Premidcourse position ~ #0.657 n. mi. 1 J

Step 4

Converge a precision trajectory to the node obtained in step 2

Independent variables Value - Step size Weight

Delta azimuth MCC  Step 3 ¢ 154k 512

Delta gamma MCC Step 3 ¢ 15hk 512

Delta velocity MCC Step 3 ¢ 1524 512 :

Time of the node Step Not triggered g

Dependent variables

HT of node Step 2 *0.5 n, mi. — 1
LAT of node , Step 2 +0.01° - 1
LONG of node Step 2 +0.,01° - 1
INCL of pericynthion 90° - 182° 64 0

©

Flow chart 2.- Continued.

1
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5

Store INT midcourse maneuver Ai

I AYI, AZI
Store INT state at start of LOI (S3I)

Compute velocity offsets and first guesses

Program needs:

For MCC offset;

S1 - premidcourse state
S2C - conic postmidcourse state

AXI, AYI, AZI - integrated midcourse correction

1 . _ [ _ L L
(a) 8' =82C AX - MY, A7

(b) new first guesses AV', Ay', AY' for the MCC variables
according to S2C = S' (polar form) + AV' + Ay' + Ay’

For LOI offset;
S3C -~ conie state at the start of LOT

S3T -~ INT state at the start of LOI

L - .

(e¢) AX" = (831 s3c)x component
T _ .

A% = (831 S3C)y component
AZ" = (83I - 83C).

7z component

Flow chart 2.- Continued.



Step'B
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With conic trajectories, optimize mass after TEI by use‘of S' as the state

vector and by offset of the state at start of LOI prior to computation

of LOI maneuver.

Independent variables

Delta azimuth TEI -

Delta velocity TEI

Time in lunar orbit
Delta time to 1lst pass

Delta azimuth LOI
Delta azimuth MCC
Delta gamma MCC

Delta wvelocity MCC

Dependent variables

HT of pericynthion

INCL of pericynthion

HT of lunar orbit

IAT of lunar landing
site

LONG of lunar landing
site

AZM over lunar landing
site

Delta time to node

INCL of powered return

Delta LONG of earth
landing

HT of entry

Mass after TEI min

step 2 + 3000 1b = max

Value Step size
Step 2 ¢ 15hh
Step 2 ¢ 15Lk
Step 2 ¢ 154k
Step 2 ¢ 157L
Step U4 ¢ 1564
A ¢ 156k
Ay! ¢ 15kLh
AV! ¢ 15hk
Minimum Maximum Weight
40 n. mi. 100 n. mi. 1
90° 182° 6k
Step 2 +0.5 n. mi. -
Nominal +0.01° -
Nominal +0.01° -
MED MED 1
Lower limit:
max (min AT ne» Min ATsea)
0.125
Upper limit:
min (max ATp o MmaX ATsea)
0° Lo° 0.125
~-0.2° +0.02° -
. Nominal *1.735 n. mi. -

Weight

8

1
1076
1073
1
512
512
512

Class

designator

= H+HO O

ot

®

.Flow chart 2.~ Continued.
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Did mass after TEI increase by more than 2500 1b ___?a&;___(::)

during optimization?

NO

Store conic postmidcourse state
(s2C) and conic state at start
- of LOI (83C)

Step 6

Converge integrated TIMC by use of the nodal state from step 5

Independent variables Value ' Step size Weight
Scalar velocity at the node Step 5 ¢ 1564 512
Azimuth at the node Step 5 ¢ 1564 512
Longitude of the node Step 5 ¢ 1564 512
Time of the node Step 5 Not triggered
Dependent variables Minimum Maximum ?lass
. designator
)
o X Premidcourse position *0.657 n. mi. 1
Y Premidcourse position  *0.657 n. mi. 1
y/ Premidcourse position  *0.657 n. mi. 1

Step T '

Converge a precision trajectory to the node obtained in step 5

Independent variables Value Step size Weight
Delta azimuth MCC Step 6 ¢ 15Lk 512
R Delta gamma MCC Step 6 ¢ 154k 512
Delta velocity MCC Step 6 ¢ 1524 512
Time of the node Step 5 Not triggered

Dependent variables

HT of node Step 5 0.5 n. mi. —_— 1
LAT of node Step 5 +0.01° — 1
LONG of node Step 5 +0.01° —_— 1
INCL of pericynthion 90° 182° 6l 0

®

;ﬁ Flow chart 2.- Continued.



20

Has a recycle already YES

occurred?

NO

- ?
Is |AV_ (step 5) AV e (step T)| < 1 7

YES

Is |AV (step 5) - AV

LoT (step T7)] <17

Lol

YES

EXIT

Flow chart 2.- Concluded.

Exit

3
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